Medullary bone (MB) is a special endosteal tissue forming in the bones of female birds during egg laying to serve as a labile calcium reservoir for building the hard eggshell. Therefore, the presence of MB reported in multiple nonavian dinosaurs is currently considered as evidence that those specimens were sexually mature females in their reproductive period. This interpretation has led to further inferences on species-specific growth strategies and related life-history aspects of these extinct vertebrates. However, a few studies questioned the reproductive significance of fossil MB by either regarding the tissue pathological or attributing alternative functions to it. This study reviews the general inferences on extinct vertebrates and discusses the primary role, distribution, regulation and adaptive significance of avian MB to point out important but largely overlooked uncertainties and inconsistencies in this matter. Emerging discordancy is demonstrated when the presence of MB vs. trade-off between growth and reproduction is used for interpreting dinosaurian growth curves. Synthesis of these data suggests that fossil MB was related to high calcium turnover rates but not exclusively to egg laying. Furthermore, revised application of Allosaurus growth data by modelling individual-based growth curves implies a much higher intraspecific variability in growth strategies, including timing of sexual maturation, than usually acknowledged. New hypotheses raised here to resolve these incongruences also propose new directions of research on the origin and functional evolution of this curious bone tissue.
Introduction
Recent advances in studying fossil bone histology have provided new data on reproductive strategies of extinct dinosaurs, including parental investment, onset of reproduction and sexual dimorphism (Schweitzer et al., 2005 (Schweitzer et al., , 2016 Erickson et al., 2006 Erickson et al., , 2007 Lee & Werning, 2008; Varricchio et al., 2008; H€ ubner, 2012; Chinsamy et al., 2013) . Special findings include unusual bone tissues in the long bones of the nonavian theropods Tyrannosaurus (Schweitzer et al., 2005 (Schweitzer et al., , 2016 and Allosaurus (Lee & Werning, 2008) , the ornithopods Tenontosaurus (Lee & Werning, 2008) and Dysalotosaurus (H€ ubner, 2012) , and the extinct birds Confuciusornis and Pinguinus (Smith & Clarke, 2014) . Based on microanatomy and histology, and in a single case also on inferred chemical attributes (Schweitzer et al., 2016) , these peculiar tissues have been identified as medullary bone (hereafter MB).
Medullary bone is a reproductive tissue first described in pigeons (Kyes & Potter, 1934) and long thought to be unique for birds, as no other living vertebrates are known to develop MB (Turner, 1999; Schweitzer et al., 2007) . In extant birds, MB serves as a calcium reservoir for building the hard eggshell. It forms on the endosteal surface of the medullary cavity in the bones of females prior to and during egg laying (Taylor, 1970; Schraer & Hunter, 1985; Dacke et al., 1993) . It is a nonstructural bone tissue type with high metabolism, formation and resorption rates to ensure quick calcium mobilization (Bloom et al., 1941; van De Velde et al., 1984; Kerschnitzki et al., 2014) . Accordingly, it is highly mineralized, strongly vascularized, and mostly composed of woven bone (Bonucci & Gherardi, 1975 ) with occasional lamellar infilling (Kyes & Potter, 1934; Bloom et al., 1941; Schweitzer et al., 2005) . Its chemical composition differs from that of cortical and cancellous bone (L€ orcher & Newesely, 1969; Candlish & Holt, 1971; Stagni et al., 1980; Knott & Bailey, 1999) . MB formation is induced by oestrogenic and androgenic hormones, and under natural conditions only occurs in sexually mature female birds in their reproductive period (Bonucci & Gherardi, 1975; Dacke et al., 1993) . Hence, the presence of tissues with avian MB-like microanatomy and histology in extinct dinosaurs ( Fig. 1) has been treated as evidence that the specimens were sexually mature females that died in their reproductively active period (Schweitzer et al., 2005; Lee & Werning, 2008; H€ ubner, 2012; Chinsamy et al., 2013; Smith & Clarke, 2014) .
Because nonavian dinosaur specimens possessing MB and hence considered sexually mature show histological features of active growth, reproductive maturity (hereafter RM) of these specimens has been argued to have preceded skeletal maturity (Lee & Werning, 2008) , a reasoning further supported by species-specific growth curve reconstructions. The position of specimens with MB on their respective ontogenetic trajectories also implied that RM was attained already at very small body sizes, sometimes at less than the third of the reconstructed asymptotic body mass (Lee & Werning, 2008) . This pattern is in sharp contrast with that found in extant birds that reproduce after attaining skeletal maturity (but see e.g. kiwi, Bourdon et al., 2009) .
Differences between reproductive strategies of extinct dinosaurs and modern birds were further demonstrated by the discovery of MB in a single specimen of the early bird Confuciusornis . Because this specimen (DNMH-D1874) showed no ornamental rectrices, these special feathers on other Confuciusornis specimens were interpreted as a male characteristic. As expected for birds, DNMH-D1874 was fully grown based on the presence of outer circumferential layer in its long bones ( Fig. 2a in Chinsamy et al., 2013) , the histological characteristic of growth cessation in birds (synonymous with 'external fundamental system'; see Andrade et al., 2015 and references therein) . However, some males with developed sexually dimorphic ornamental rectrices are very small (~23% mass of the largest known specimens), making Chinsamy et al. conclude that Confuciusornis too reached RM well before attaining final body size. Accordingly, this aspect of reproduction in nonavian dinosaurs and early birds is considered plesiomorphic, whereas the bird-like strategy is suggested to have evolved only later in more advanced birds (Erickson et al., 2007; Chinsamy et al., 2013) . In sum, MB forms the basis of inference for many reproductive and associated life-history aspects of extinct dinosaurs. Recently, however, similar tissues found in the mandibular symphyses of the edentulous pterosaur Bakonydraco (Fig. 2 , Box 1) raised doubts about the assumed strictly reproduction-related function of MB-like tissues in fossils . This query was based on (i) the juvenile nature of most specimens with MB-like tissues, and (ii) the extremely thin, soft eggshells characterizing all known pterosaur eggs which may not have required MB for their production. Lacking report of MB in the mandibular symphyses of birds makes it difficult to justify comparison of the mandibular tissue in Bakonydraco to avian MB (for discussion of alternative tissue identifications, see Box 1). However, MB-like tissues occur in unusual anatomical locations in other fossil taxa too (Chinsamy et al., 2016) and show several peculiar features that warrant further discussion.
This review highlights controversies surrounding fossil nonavian and extant avian MB and dinosaurian growth curve reconstructions. My synthesis suggests that the function of MB-like tissues in extinct vertebrates was not necessarily restricted to egg laying. The inferred adaptive significance of avian MB also implies that MB-like tissues in nonavian fossils might have served as labile Ca storage for more diverse physiological functions than seen in birds today. Revised Allosaurus growth curves suggest highly variable growth strategies (including the onset of RM) that render a single species-specific growth curve an oversimplified view on dinosaurian growth. These issues urge caution when inferring sex and life-history traits of extinct vertebrates and set future research directions to extend our knowledge on avian MB and MB-like tissues in fossils.
Overlooked data and their relevance for interpretation of MB in fossils
Confusing fossils
Elucidating why birds deposit MB for eggshell formation, whereas other extant sauropsids with hard-shelled eggs do not is crucial for interpreting the function of MB-like tissues in fossils. As turtles and crocodilians resorb cortical bone when laying their hard-shelled eggs (Edgren, 1960; Simkiss, 1961; Suzuki, 1963; Elsey & Wink, 1985; Wink & Elsey, 1986; Wink et al., 1987; Schweitzer et al., 2007) , the comparatively thin cortex of avian bones, a flight-related characteristic (Habib & Ruff, 2008; Dumont, 2010) , has been argued to prevent a mechanically safe resorption of enough structural bone for eggshell production in birds (Bloom et al., 1941 (Bloom et al., , 1958 Miller & Bowman, 1981; Wilson & Thorp, 1998) . Although most studies infer the same function of fossil MB as seen in birds without hesitation, a precautious study contrasted the need for MB in birds with the apparent needlessness for MB in nonavian dinosaurs. Chinsamy & Tumarkin-Deratzian (2009) argued that nonavian dinosaurs had thick long bone cortices compared with birds and could have just resorbed structural bone for eggshell formation, as do modern crocodilians and turtles (Edgren, 1960; Simkiss, 1961; Suzuki, 1963; Wink & Elsey, 1986; Wink et al., 1987; Schweitzer et al., 2007) . Thus, the authors hypothesized that MBlike tissues in dinosaurs report pathologies rather than true functional MB (Chinsamy & Tumarkin-Deratzian, 2009 ). For comparison, they described long bones in a turkey vulture that showed symptoms of avian osteopetrosis evoked by retroviral infection (Moynihan, 1943; Thiersch, 1948; Bell & Campbell, 1961; Boyde et al., 1978; Frank & Franklin, 1982; Foster, 1993) . This disease is characterized by pathologic development of radial periosteal bone tissue on the normal cortex surface and endosteally derived fibrolamellar-like tissue in the medullary cavity. Chinsamy & Tumarkin-Deratzian (2009) demonstrated both of these symptoms in a Transylvanian dinosaur long bone (BM R 5505) and pointed out their presence in the Allosaurus tibia (UUVP 5300) published by Lee & Werning (2008) who, albeit considering the periosteal reactive bone pathologic, still interpreted the endosteal fibrolamellar-like tissue as MB.
The presence of periosteal reactive bone in Allosaurus UUVP 5300 supports a pathologic origin of the MB-like endosteal tissue as well. However, the healthy periosteal cortex in other reported cases of dinosaurian MB (Schweitzer et al., 2005 (Schweitzer et al., , 2016 Lee & Werning, 2008; H€ ubner, 2012) argues against a pathological diagnosis because all documented cases of osteopetrosis in birds involve excess periosteal bone development resulting in extensive or at least moderate cortical bone thickening, especially in the diaphysis (e.g. Thiersch, 1948; Holmes, 1961; Simpson & Sanger, 1966; Brown & Dent, 1971; Banes & Smith, 1977; Boyde et al., 1978; Brothwell, 2002) . Still, arguing with the apparent functional needlessness of MB in these nonavian dinosaurs, Chinsamy & Tumarkin-Deratzian (2009) proposed that all reported cases can represent pathologies.
Adoption of the pathology concept is demonstrated by the controversial case of the basal sauropodomorph Mussaurus. Despite the lack of periosteal reactive bone, the highly porous endosteal tissue in the femoral medullary cavity in specimen MLP 61-III-20-22 was re-interpreted as pathologic (Cerda et al., 2014) after the initial identification of the tissue as MB (Cerda & Pol, 2013) . Two characteristics of the MB-like tissue in Mussaurus MLP 61-III-20-22 were cited to be absent in
Box 1
Correct identification of the MB-like tissue in the mandibular symphyses of the pterosaur Bakonydraco (see Fig. 2 ) is important for suggesting functional extension of MB in fossils. Alternative interpretations of this tissue and the reasons for rejecting them are as follows:
• Chondroid bone (CB): As demonstrated in embryonic dinosaur mandibular symphysis (Bailleul et al., 2016) , CB shows high porosity and woven bone-like features similar to MB. However, the following differences distinguish CB and MB (both avian and the MB-like tissue in Bakonydraco): (i) CB is a primary intermediate tissue, whereas MB is an endosteally derived secondary bone tissue; (ii) CB is entirely resorbed during embryonic development or persists in bone trabeculae and sutural areas but is not cyclically rebuilt, whereas MB grows centripetally inside bone cavities and shows fast formation -resorption cycle in the mature skeleton of birds and in fossil archosaurian skeleton of varying maturity stages; (iii) CB has rounded, chondrocyte-like cells, whereas MB consists of woven and parallel-fibred bone with randomly shaped and elongate osteocytes, respectively.
• Symphyseal fusion tissue: MB-like tissue is unlikely to be related to fusion processes because (i) all sectioned Bakonydraco symphyses are completely ossified with uniform periosteal bone deposition; (ii) the internal multichambered cavity system contains MB-like tissue not only in the sagittal fusion area but also in lateral cavities; (iii) it is also present in a large, skeletally mature specimen; (iv) no similar tissue originating from mandibular symphysis fusion has so far been reported in extant sauropsids (Holliday et al., 2010; Holliday & Nesbitt, 2013) .
avian MB and refer to its pathological origin: (i) high osteocyte lacuna densities and (ii) thin coating of lamellar bone around the vascular spaces (Cerda et al., 2014) .
However, lamellar parallel-fibred bone (PFB) seems to be a common component in the MB of both birds (Kyes & Potter, 1934; Bloom et al., 1941; Schweitzer et al., 2005) and nonavian dinosaurs (Schweitzer et al., 2005; Lee & Werning, 2008; H€ ubner, 2012) . Although MB in chicken, ostrich and Tyrannosaurus (MOR 1125) femora has been described as entirely isotropic in crosspolarized light due to its woven fibres (Schweitzer et al., 2016) , figure S2 (B,D) in Schweitzer et al. (2016) in fact shows a considerable amount of birefringent PFB in the MB of these specimens too. PFB around vascular canals forming osteon-like structures in ostrich and Tyrannosaurus (MOR 1125) MB is also apparent in figure S3 in the first study of Schweitzer et al. (2005) .
Furthermore, even though avian osteopetrotic bone shows numerous large, sometimes confluent lacunae (Brown & Dent, 1971; Boyde et al., 1978; Foster, 1993 and references therein), at present no quantitative comparison exists on osteocyte densities in healthy avian MB and in osteopetrosis-induced bone tissue. Numerous, randomly shaped osteocyte lacunae in a largely disorganized matrix and irregularly branching vascular canals which characterize avian osteopetrotic endosteal bone (Boyde et al., 1978) may also occur in fast-growing avian MB. Hence, unless properly quantified, high lacuna densities cannot be defined as pathologic in the MB-like tissues of fossils.
Other characteristics of osteopetrotic tissues, such as fine collagen and mineral properties Boskey, 2003) or virus particles in the matrix and in the extensively proliferating osteoblasts (Boyde et al., 1978; Schmidt & Smith, 1982) , are difficult or impossible to reveal in fossil bones. However, the reported rarity of resorption in the pathologic endosteal tissue in birds (Boyde et al., 1978) provides an additional argument against pathology if a fossil not only lacks periosteal reactive bone but also shows traces of resorption in the endosteal MB-like tissue (as e.g. in Bakonydraco; Fig. 3a ,c,d in . Schweitzer et al. (2016) demonstrated similar histochemical staining and hence implied homology of MB in both bird bones and a Tyrannosaurus femur (MOR 1125). They also showed that, in contrast to avian and tyrannosaurian MB, the medullary region in chicken genetically diagnosed with avian osteopetrosis did not bind the monoclonal antibody of keratan sulphate, an abundant glycosaminoglycan in avian MB (Candlish & Holt, 1971; Fisher & Schraer, 1982) . This negative immunohistochemical reaction was used to argue for the nonpathologic nature of MB in the Tyrannosaurus femur.
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Estimated age (year) (Lee & Werning, 2008) and revised interpretation of expected reproductive maturation points [redrawn and modified after Lee & Werning, 2008 ; growth curve phases adopted from Myhrvold (2013) ]. Red tangent lines drawn at the inflection points(IF) set at 50% asymptotic body mass (AM) show that curve inflection is largely masked by a long and steep quasi-linear phase that is present on every fitted curve and represents the period of fastest growth. Specimens with medullary bone (blue symbols) are all located below IF, on the highest growth rate phase of their respective logistic growth curves. Pinpointing species-specific age and mass at sexual maturity based on the position of the MB-possessing dinosaur specimens (blue dotted lines) (Lee & Werning, 2008) contradicts the expected trade-off between growth and reproduction. Energy allocation from growth to reproduction should eventuate in a substantial decrease in growth rate that is reflected on the growth curve at the transition from quasi-linear to asymptotic phase (red arrow). Being located in the fastest growth phase although considered sexually mature, dinosaur specimens with MB evoke a controversy in which either their sexual maturity or the biological validity of the reconstructed growth curves is questioned.
Unfortunately however, no picture demonstrated that the genetic diagnosis of the disease in the referred chicken specimen (Schweitzer et al., 2016) is actually accompanied by osteopetrotic endosteal bone tissue. Irrespective of pathologic considerations, the discovery of MB-like tissues in Bakonydraco jaw symphyses revived the largely ignored evolutionary concept of questionable selective advantage of MB in fossils (Chinsamy & Tumarkin-Deratzian, 2009 ). pointed out that pterosaurs are known to have laid extremely thin shelled eggs (Chiappe et al., 2004; Ji et al., 2004; Grellet-Tinner et al., 2007; Unwin & Deeming, 2008; L€ u et al., 2011; Wang et al., 2014) for which developing MB as seen in birds seems unreasonable. This also applies to Pterodaustro, the only other pterosaur besides Bakonydraco in which MB-like tissue was reported so far . Although showing MB characteristic in a femur (MHIN-UNSL-GEO V 382), the authors had little confidence about the nature of this tissue which has not been widely accepted as MB by the scientific community, either. further challenged a pure reproductive role of MB-like tissues in Bakonydraco by showing that three of four specimens with this tissue were fast-growing juveniles which did not show histologically detectable slowdown of growth expected at the onset of reproduction (Chinsamy et al., 2008; Erickson, 2014) .
Congruent with these findings, a preliminary study reported MB-like tissue in the tibia of a juvenile Tyrannosaurus (BMRP 2006.4.4) being at its most active growth phase (Tremaine et al., 2014) . However, the authors identified this tissue as pathologic because (i) it is separated from the cortex by endosteal 'laminar' bone which, according to the authors, does not occur in avian MB; and (ii) it is only present in the tibia, but not the fibula of BMRP 2006.4.4 (Tremaine et al., 2014) . The pathology hypothesis elegantly circumvents the problem of the perplexingly young, fast-growing nature of this specimen which seems irreconcilable with sexual maturity (see trade-off discussion below). However, the presented argument for a pathologic MB is infirm for two reasons.
First, different bird species show substantial variation in MB characteristics, including the presence or absence of endosteal 'laminar' bone that may or may not separate avian MB from the cortex (Schweitzer et al., 2005) . It is important to note here that the word 'laminar' in these studies represents a terminological confusion and is meant as lamellar (laminar bone: densely vascularized fibrolamellar bone with high proportion of circumferential vascular canals; lamellar bone: avascular or poorly vascularized PFB organized in lamellae; see FrancillonVieillot et al., 1990; .
Second, general appearance and amount of MB vary within the avian skeleton. Depending on the anatomical location and the stage of the reproductive phase, some elements show extensive MB development, whereas others lack MB altogether (Landauer et al., 1941; Taylor & Moore, 1954; Ascenzi et al., 1963) . This further weakens the argument that MB-like tissue being restricted to the tibia in the juvenile Tyrannosaurus BMRP 2006.4.4. (Tremaine et al., 2014) refers to its pathologic origin.
A current study found endosteally derived MB-like tissues in a caudal vertebra , an osteoderm (PVL 4017-113), and a metatarsal (PVL 4017-127) belonging to a saltasaurine titanosaur sauropod (Chinsamy et al., 2016) . As the metatarsal regionally shows cancellous bone in the outer cortex and coarsefibred remnants of primary bone, the authors suggested a pathological origin for the MB-like tissue in this element. However, no conclusion was drawn on the nature of the endosteally derived tissues in the vertebra and osteoderm because these elements lacked any other unusual features. Moreover, they showed no histological sign of growth rate decrease (Chinsamy et al., 2016) which would be expected if the specimen possessing these elements was sexually mature and the MB-like tissues were functionally homologous with avian MB.
The frequent occurrence of MB-like tissues in apparently nonpathological and occasionally fast-growing bones of dinosaurs and possibly pterosaurs complicates the functional interpretation of such tissues in fossils.
Conundrum in birds
Besides chicken representing the model animal for studying MB (e.g. Taylor & Moore, 1953 , 1954 Bloom et al., 1958; Taylor, 1970; Lynch & Maxwell, 1991; Wilson & Duff, 1991; Whitehead, 2004; Kerschnitzki et al., 2014) , MB was demonstrated in several other living bird species, such as the columbiform rock dove (Columba livia, Kyes & Potter, 1934; Pfeiffer & Gardner, 1938; Bloom et al., 1941; Riddle et al., 1944; Ascenzi et al., 1963; Bonucci & Gherardi, 1975) , the passeriform house sparrow (Passer domesticus, Pfeiffer et al. 1940; Ringoen, 1945; Krementz & Ankney, 1995) , zebra finch (Taeniopygia guttata, Reynolds, 1997), brown-headed cowbird (Molothrus ater, Ankney & Scott, 1980) , great tit (Parus major, Eeva et al., 2000) , wood thrush (Hylocichla mustelina), and veery (Catharus fuscescens, Squire et al., 2011) , the anatine mallard (Anas platyrhynchos, Landauer et al., 1941; Finley & Dieter, 1978) and domesticated duck (A. p. domesticus, Landauer et al., 1941; Landauer & Zondek, 1944) , and the galliform Japanese quail (Coturnix coturnix japonica, Miller, 1977 Miller, , 1978 Takashi et al., 1983; van de Velde et al., 1985a; van De Velde et al., 1985b; Yamamoto et al., 2001; Hiyama et al., 2012) and bobwhite quail (Colinus virginianus, Ringoen, 1945) . Despite this fairly extensive record, our current understanding of the physiology, function and other fine aspects of MB is largely based on domesticated poultry. These are, however, selected for high reproductive output which may influence the attributes of MB in yet-unexplored ways. In addition, some demonstrated aspects of avian MB are still intriguing and deserve further consideration.
Developing a tissue of such high metabolic activity as avian MB (i.e. fast recycling) suggests that it is an evolutionary adaptive feature driven by strong selection pressures, probably related to flight. Although resorbing MB instead of cortical bone for eggshell production may protect the structural and mechanical integrity of the flight-adapted thin-walled bird bones (Bloom et al., 1941 (Bloom et al., , 1958 Miller & Bowman, 1981) , actual observations weaken this argument.
Studies of MB dynamics in laying birds kept on Ca-deficient diet found substantial cortical bone resorption instead of the expected strong reduction in MB amount (Benoit & Clavert, 1945; Taylor & Moore, 1954; Zambonin-Zallone & Mueller, 1969; Dacke et al., 1993) . In fact, Ca-deficient diet first increases the amount and mineralization of MB at the expense of structural cortical bone (Whitehead & Fleming, 2000; Beck & Hansen, 2004; Whitehead, 2004) . After a longer period of Ca deficiency MB remains unmineralized but its amount does not change van De Velde et al., 1985b) . Fleming et al. (1998a) found that even under normal diet, preparation for egg laying in hens causes rapid loss of structural cancellous bone simultaneously with rapid accumulation of MB.
The same condition has been experimentally verified by quantifying the volume of MB and structural cancellous bone in normal laying hens, oestrogen-treated male chickens, and females in which oestrogen was suppressed by the administration of tamoxifen (Wilson & Thorp, 1998) . Whereas in the untreated female and treated male groups, MB formation coincided with considerable cancellous bone loss, tamoxifen-treated females developed no MB but showed an increase in cancellous bone volume. A general trend of decrease in structural bone volume was evident in the MB-forming groups even if this difference was statistically significant only between control and treated males (Wilson & Thorp, 1998) . These experimental results in males suggest that structural bone resorption is coupled with oestrogen-induced MB formation even if no egg laying takes place. Finally, poultry industrial research on bone-related disorders showed that osteoporosis-resistant birds deposit less calcium in their eggshells (Whitehead, 2004 ) implying a positive relationship between osteoporotic structural bone resorption and eggshell thickening. These phenomena are counterintuitive if MB formation in birds is considered an adaptive response to preserve structural bone integrity.
An alternative flight-related explanation is suggested here for the evolutionary advantages of MB development in birds. Thick, heavy bones of terrestrial vertebrates represent a stable, persistent mineral reservoir that can also be used for reproductive purposes. By contrast, MB in the essentially thin-walled bird bones is an ephemeral tissue that adds to the skeletal weight only in the egg-laying phase, which may be a crucial energy saving strategy for a volant animal. MB represents excess bone weight (Fleming et al., 1998b; Larison et al., 2001 ) which increases total skeletal weight bỹ 20% in chicken (Taylor, 1970) , and~15% in house sparrow (Schifferli, 1979) , Thus, the need for minimizing the time period when the bird must fly with a heavier skeleton can be substantial. In breeding passerine birds, MB appears only few days before and disappears shortly after egg laying (Ankney & Scott, 1980; Krementz & Ankney, 1995; Squire et al., 2011) , although it is stored for months in the ground-dwelling ptarmigan (Larison et al., 2001) . This also implies that the evolutionary advantage of MB may lie in its ephemeral nature in habitual flyers. Similar weight-saving hypothesis was already raised for migratory birds (Reynolds & Perrins, 2010) which develop MB only after arriving at the breeding grounds, a few days before egg laying. Reynolds & Perrins (2010) calculated that long-term skeletal Ca reserves needed for egg production would increase the body mass of the migratory black-throated blue warbler (Dendroica caerulescens) by 4%. They argued that this mass increase would have profound consequences on wing kinematics, flight performance and flight ranges.
The apparent lack of correlation between MB development and flight capabilities or cortex thickness in birds suggests that the formation of avian MB is phylogenetically constrained. For instance, females of ratite birds with long evolutionary history of secondary flightlessness (shortly after K-Pg extinction event, Mitchell et al., 2014) still form MB in their reproductively active phase (Schweitzer et al., 2005) . MB was reported in the humerus of the alcid Great Auk (Pinguinus impennis), an extinct flightless wing-propelled diver that has extremely thick bone cortex for bird standards (Smith & Clarke, 2014) . If maintaining lightweight skeleton is a standing argument for forming the ephemeral MB in volant birds, MB would be expected to reduce or maybe even disappear in flightless birds, especially in aquatic taxa where thick-walled bones could allow cortical resorption without jeopardizing mechanical integrity.
Retention of MB in these flightless birds and the apparent inability of adjusting MB amount to available calcium (see above) suggest that MB formation is an evolutionarily constrained functional adaptation in birds. This inflexibility is in sharp contrast with the highly dynamic physiology of MB showing very rapid formation and resorption in immediate response to cyclical elevation of oestrogen and parathyroid hormone levels, respectively (Bloom et al., 1941 (Bloom et al., , 1958 Taylor & Moore, 1956; Miller, 1978; Miller & Bowman, 1981; Miller et al., 1984; van de Velde et al., 1985a; Ohashi et al., 1991; Whitehead & Fleming, 2000; Whitehead, 2004; Hiyama et al., 2012; Kerschnitzki et al., 2014) .
Functional relevance of avian MB is also challenged by studies focusing on measurable efficiency of MB in eggshell production. They found neither difference in egg number between birds with different amount of MB in their bones (Fleming et al., 1998b) , nor direct relationship between MB content and eggshell quality (Fleming et al., 1998a; Whitehead, 2004) . Moreover, not every bird species seems to need MB for eggshell formation. MacLean (1974) investigated four species of arctic sandpipers (Calidris) collected from a wild population in which laying females did not show MB but instead an increased intake of food items rich in Ca, such as lemming bones. Despite this high Ca intake, the significant skeletal Ca depletion after egg laying (from 3.1% down to 2.7% dry skeletal Ca content) even manifested itself in visibly decalcified areas in their skull bones. MacLean (1974) explained the lack of MB by the lower Ca demands of a four-egg clutch (1 egg/1-1.5 day) in contrast to domesticated chickens bred to lay continuously. Pahl et al. (1997) found no MB deposition prior to and during egg laying in the females of three passerine bird species. They suggested that passerines base all or most of their eggshell production on rapid Ca uptake from recently ingested food. Reynolds (1997) also showed that endogenous reserves, such as MB, likely provide only minor fraction of Ca needed for egg production in zebra finch. However, Squire et al. (2011) proposed that the apparent lack of MB reported by Pahl et al. (1997) was probably due to the inadequate timing of sampling which may not have covered the restricted time interval in which MB is present in laying passerine birds.
Studies favouring the universal presence of MB in laying birds frequently consider MB as the fastest way to transfer large amounts of Ca to the shell glands assuming that the gut cannot supply Ca rapidly enough for eggshell formation (Taylor, 1970; Ankney & Scott, 1980) . However, Bar (2009) showed that intestinal transfer of Ca to the eggshell gland in chicken is faster (11-14 s) than the egg cycle (~24 h). This suggests that intestinal Ca absorption may suffice for eggshell production if the food contains enough Ca, as can be the case in Calidris sandpipers apparently lacking MB (MacLean, 1974) . Further studies directly comparing Ca transport rate from MB vs. intestines are needed to test these assumptions.
In their detailed review on avian MB, Dacke et al. (1993) also raised the question whether MB can be simply looked at as a reservoir from which Ca is withdrawn for egg shelling. It has been suggested that MB stores Ca to act as a buffer against peaks in Ca demand during shell formation (Ankney & Scott, 1980; Graveland & Van Gijzen, 1994) . However, it was not specified where and how exactly this buffering acts and how the considerable structural bone resorption observed during egg laying fits in this model.
Even though avian MB, when present, is always related to eggshell formation, these counterintuitive and/or unexplored aspects have to be considered when inferences are made in fossils. Finally, no matter how strong any of the flight-related arguments is to explain the evolutionary advantages of developing MB in birds, it cannot be applied to nonavian dinosaurs with nonvolant ancestors.
Conflicts hidden in fossil growth curve reconstructions
Growth curves complementing the identification of MB in Tenontosaurus OMNH 34784, Allosaurus UUVP 5300 and Tyrannosaurus MOR 1125 were reconstructed to provide additional clues to the reproductive strategy of these nonavian dinosaurs (Lee & Werning, 2008) . The MB-possessing specimens, with no histological sign of being fully grown, plotted on the highest growth rate phase of the steeply inclining logistic curve fitted to the mass~age scatter plot of their respective species (Fig. 3) . Thus, it was concluded that these dinosaurs had much higher growth rates than living nonavian reptiles, but their reproductive strategy in terms of reaching RM already at 1/3 to ½ of asymptotic mass (AM) is like that of reptiles and medium-to large-sized mammals (Lee & Werning, 2008) . The authors argued that the early onset of reproduction in these large-bodied dinosaurs increased their lifetime reproductive success because they needed several years or even decades to reach AM. Furthermore, citing Stearns & Koella (1986) , it was stated that rapid growth predicts an early onset of reproduction which Lee & Werning (2008) considered to be in accordance with their findings.
Even though the argument sounds straightforward and logical, all dinosaur specimens with MB plot in the highest growth rate phase of the curves presenting an incompatible situation. Growth and reproduction are crucial life-history parameters competing for the limited energy and nutrient supply of the individual. Thus, RM coincides with a remarkable slowdown of growth due to the energy allocation from growth to reproduction (Stearns & Koella, 1986; Stearns, 1989; Kozlowski, 1992; Bernardo, 1993; Day & Taylor, 1997; Mangel & Stamps, 2001; Zera & Harshman, 2001; Cox et al., 2010; Pandav et al., 2010; Boukal et al., 2014) . The cost of reproduction may vary with body size and specific behavioural, anatomical, physiological and environmental characteristics associated with reproduction but it always has a trade-off relationship with growth (Scott & Heikkonen, 2012) . Thus, sexually mature specimens are expected to appear on the growth curve where growth rate detectably decreases both in linear measures (body length, height) and body mass. Lee & Werning (2008) assumed that growth curve inflection points (IF) at which the exponential phase with maximum growth rate switches to saturation phase coincide with the onset of RM. However, the logistic curves fitted on the inferred mass~age data of these dinosaurs have an almost linear phase representing a long period in which growth rate was nearly maximum. As IF is by definition set at 50% of AM in the centre of this long quasi-linear phase (Fig. 3) , no evident growth rate decrease follows IF on these curves to highlight an emerging trade-off between growth and the onset of reproduction. Being located at or below their respective IFs makes all three nonavian dinosaur specimens with MB unlikely to designate the general species-specific RM on their growth curves. For the same reason, these specimens could not have followed the steeply inclining growth trajectory reconstructed for their species after reaching RM.
Life-history models presented by Stearns & Koella (1986) indeed couple high growth rates with early onset of reproduction, as used in the argument for dinosaurs (Lee & Werning, 2008) . However, the reaction norm of hypothetical species following this life-history strategy clearly predicts RM to occur close to the asymptotic size where growth rate also markedly decreases ( fig. 5 in Stearns & Koella, 1986) . This is strikingly different from the interpretation of the dinosaurian growth curves where reproductively mature specimens plot low, in the highest growth rate phase of the curve (Lee & Werning, 2008; H€ ubner, 2012) .
Finally, it is not clear how logistic growth curve with an IF set at 1/2 AM could have been the best to describe the growth strategy in Allosaurus (Lee & Werning, 2008) if, based on MB-possessing UUVP 5300, RM could occur already at 1/3 AM.
Endocrinological effects of RM strengthen this controversy. Presumed homologous origin and function of MB in nonavian dinosaurs and birds (Schweitzer et al., 2005 (Schweitzer et al., , 2016 Lee & Werning, 2008; H€ ubner, 2012) suggest homologous physiological control, that is gonadal hormones, most importantly oestrogen. In mammals and birds, the overall effect of increasing oestrogen level on bone is antagonistic. On the one hand, it slows down diametric and longitudinal bone growth by inhibiting periosteal osteoblast differentiation and inducing ossification of the epiphyseal growth plates, respectively. On the other hand, it induces endosteal bone thickening (Silberberg & Silberberg, 1956 and references therein; Turner, 1999; J€ arvinen et al., 2003; Lui & Baron, 2011) .
Growth inhibitory effect of oestrogen on bird bones is less definite because skeletal maturation precedes RM under natural conditions. However, besides inducing MB development, high oestrogen levels inhibit structural bone formation in mature birds (Whitehead & Fleming, 2000) . Oestrogen-induced MB formation also depends on skeletal maturity stage, because in contrast to adult males (Landauer et al., 1941; Miller & Bowman, 1981; Ohashi et al., 1991; Yamamoto et al., 2001; Hiyama et al., 2012) , chicken embryos of either sex and male juveniles do not develop MB in response to gonadal hormones (Gabrio & Salomon, 1948; Rath et al., 1996) .
Decrease in diametric and longitudinal bone growth rate clearly correlates with or precedes the timing of major oestrogen release at RM in all recorded cases. This is in line with the trade-off between growth and reproduction or other forms of functional maturation (Ricklefs, 1973 (Ricklefs, , 1979 Kozlowski, 1992; Ricklefs et al., 1994; Starck & Ricklefs, 1998; Mangel & Stamps, 2001) but inconsistent with the inferred RM of nonavian dinosaur specimens with MB if they are assumed to continue growing as fast as their respective growth curves imply.
Resolving conflicts surrounding fossil MB and growth curves
The unclear adaptive significance of MB in nonavian fossil archosauromorphs and the incompatible coincidence of high growth rates and onset of reproduction challenge the parsimony-based assumption that MBlike tissues in dinosaurs, as avian MB, functioned strictly in egg shelling. Two hypotheses are suggested here to resolve these conflicts in fossils and to provide new ground for discussing the observed curiosities in avian MB: (i) the presence of MB in extinct vertebrates does not necessarily indicate RM; (ii) there are inadequacies in constructing and interpreting dinosaurian growth curves.
Functional evolution of MB in fossils
Medullary bone or MB-like tissues in nonavian fossil archosauromorphs may have pathological origin (Chinsamy & Tumarkin-Deratzian, 2009) where periosteal reactive bone deposition or other unusual cortical features are observed, as in the Transylvanian dinosaur bone (R 5505), Allosaurus (UUVP 5300) or the saltasaurine titanosaur metatarsal (PVL 4017-127). However, pathology is much less likely in others with healthy cortex structure, such as Tenontosaurus (OMNH 34784), Tyrannosaurus (MOR 1125, BMRP 2006.4.4), Dysalotosaurus (SMNS T3, GPIT/RE/5109), the saltasaurine vertebra (PVL 4017-140) and osteoderm (PVL 4017-113), or pterosaurs Pterodaustro (MHIN-UNSL-GEO V 382) and Bakonydraco (for referred specimens, see and remains equivocal in the early sauropodomorph Mussaurus (MLP 61-III-20-22). If the presence of MB-like tissues in these fossils is a healthy condition, the origin and functional evolution of these peculiar skeletal tissues can be discussed in a new context.
Being present in pterosaurs as well as in basal dinosaurs (Mussaurus) suggests that MB-like tissues evolved either earlier than the divergence of pterosaurs and dinosaurs or independently in the two lineages. Homologous origin is preferred if Pterosauria is considered the closest sister group to Dinosauromorpha (e.g. Padian, 1984; Sereno, 1991; Hone & Benton, 2007) , whereas independent evolution is favoured if pterosaurs are considered basal archosauromorphs (Bennett, 2012) because to our current knowledge crocodiles do not form MB (Wink & Elsey, 1986; Schweitzer et al., 2007) . Either way, functional importance of MB in Mussaurus is even more perplexing than in pterosaurs. Besides having relatively thick bone cortex, Mussaurus most likely laid eggs with very thin eggshell, just like two other early sauropodomorphs, Massospondylus and Lufengosaurus (Reisz et al., 2012 (Reisz et al., , 2013 , the formation of which may not have required the deposition of MB.
The initial selection pressure and functional significance of forming MB-like tissues in these animals remain poorly understood. Microanatomy and histology of fossil MB-like tissues speak for high metabolic activity and fast Ca mobilization as in avian MB. However, unlike the strict eggshell-related function in birds, it could also have served other physiological processes with high Ca turnover rates (e.g. maintaining fast juvenile growth in periodically Ca-deficient environment; and might have been regulated by diverse factors and not necessarily or exclusively by oestrogen as avian MB.
An alternative regulatory system for MB-like tissue development is supported in those cases where the universal inhibitory effect of oestrogen on bone growth cannot be observed in the fossil bone with MB-like tissue. Other components of the endocrine system, such as growth hormone and other hypophyseal hormones or the calcitonin-parathyroid system, are known to control development and dynamics of skeletal tissues in variable ways (Hall, 2005) . If such hormones could induce MB-like tissue development, these tissues may have been less bound to specific ontogenetic stages or gender and may not have been so strictly ephemeral in these extinct animals.
Identifying sexually dimorphic morphological characteristics in taxa where MB-like tissues have been reported, as is the case in Confuciusornis may help testing the female-specific presence of these tissues. For instance, it is generally accepted that gracile and more robust forms of Tyrannosaurus are males and females, respectively (Carpenter, 1990; Larson, 1994) . Tyrannosaurus specimen MOR 1125 has been categorized as a robust form based on its femoral proportions (Larson, 2008) , which is in line with the presence of MB in the same element (Schweitzer et al., 2005 (Schweitzer et al., , 2016 . However, the small-sized, juvenile specimen BMRP 2006.4.4 with MB-like tissue (Tremaine et al., 2014 ) cannot be categorized this way given that most sexually dimorphic traits diverge during late ontogeny (Badyaev, 2002) . Regardless of its sex, BMRP 2006.4.4 was most probably not yet in its reproductive period which, along with the juvenile specimens of Bakonydraco and the possibly juvenile saltasaurine remains (Chinsamy et al., 2016) , supports the ontogenetically less constrained occurrence of MB-like tissues in fossils. Apart from Confuciusornis and Tyrannosaurus, unambiguous sex-related morphological characteristics, with which occurrence of MB-like tissues could be correlated, have not yet been established for the fossil taxa discussed in this study.
Nonetheless, MB-like tissues were most likely extensively used by females in their reproductive period because even without forming an actual hard-shelled egg, females still have to provide all the Ca for embryonic development. Modern and basal birds evolved a single functional ovary with sequential egg deposition as a weight-reducing adaptation to flight (Sato et al., 2005; Zheng et al., 2013; O'Connor et al., 2014) , which may also explain the ephemeral nature of avian MB, as discussed above. However, if nonavian dinosaurs free from flight-related selection pressures had prolonged folliculogenesis and laid their eggs en masse like squamates and crocodiles (Packard & DeMarco, 1991) , MBlike tissues, if present, could reside longer in the female's skeleton than does avian MB. Bone histological study of rare fossil specimens preserving mature follicles or eggs inside the body [Sinosauropteryx NIGP 127587 (Chen et al., 1998) In sum, MB-like tissues in nonavian fossil archosauromorphs (and potentially in other amniote clades, if ever found) could have represented a polyvalent Ca storage for variable or maybe taxon-specific physiological processes that most likely but not exclusively included Ca mobilization for reproductive purposes. The finding that laying hens extensively use MB for moulting as well (Kim et al., 2007) raises the hypothesis of a similar polyvalent utilization of MB-like tissues in some feathered dinosaurs. Early observations on 15 different wild bird species (Meister, 1951) , and a more recent investigation of white-crowned sparrows (Zonotrichia leucophrys gambelii, Murphy et al., 1992) showed that even cortical bone is resorbed during moulting in both sexes (slightly more intense in males). Furthermore, Portugal et al. (2011) demonstrated complex changes in mineralization degree and bone volume in moulting geese with opposite trends among differently functioning skeletal elements. The authors interpreted this pattern as an adaptive allocation between mechanical demands of bone and metabolic demands of feather regrowth. Bone resorption during moulting probably relates to the need of bone minerals and organics for feather morphogenesis (Meister, 1951 ; Portugal et al., 2011) , which could have applied to feathered nonavian dinosaurs as well. The fact that keratan sulphate is the characteristic glycosaminoglycan of avian MB (Candlish & Holt, 1971; Fisher & Schraer, 1982) hints at a potential link to feather morphogenesis which is facilitated by chondroitin sulphates (Pays et al., 1997) .
If the capacity of forming MB-like tissues emerged only once in Archosauromorpha and hence is homologous in all considered lineages, the strict function, timing and regulation of avian MB may represent a derived condition, even an autapomorphy of birds evoked by strong, flight-related selection pressures, such as temporary restriction of extra weight in the skeleton.
Adaptive it may well be, avian MB is apparently phylogenetically constrained and barely adjustable to either short-term individual needs, such as Ca deficiency (Benoit & Clavert, 1945; Taylor & Moore, 1954; Zambonin-Zallone & Mueller, 1969; Dacke et al., 1993; Whitehead & Fleming, 2000; Beck & Hansen, 2004; Whitehead, 2004) , or long-term evolutionary changes, like secondary flightlessness (Schweitzer et al., 2005; Smith & Clarke, 2014) . The fact that MB formation can be induced in male birds with the administration of oestrogen (Pfeiffer & Gardner, 1938; Landauer et al., 1941; Miller & Bowman, 1981; Ohashi et al., 1991; Yamamoto et al., 2001) suggests that the strict gonadal hormone control may prevent adaptive functional response of avian MB to environmental conditions. If fossil MB-like tissues were regulated by alternative means, they could have been functionally more plastic and adjustable to individual physiological needs. These hypotheses, however, are hardly testable and therefore remain speculative at best.
MB-like tissues could also have appeared multiple times independently in different vertebrate lineages. For instance, alveolar bone has almost identical histology and physiology as MB but quite different primary function, developmental origin and regulation. It is derived from cranial neural crest cells and provides mechanical support for a functional dentition. It is actively remodelled during normal ontogenetic drifting of teeth and according to the precise needs of the functioning tooth, but it also shows regular cycles of formation and resorption (6-day cycle in mice, seasonal in humans) (Hall, 2005; Chung et al., 2009) . Along with avian MB, alveolar bone is the most physiologically active bone tissue which explains their striking histological similarities. Even though the primary function of alveolar bone is clearly different from that of avian MB, Ca is extensively mobilized from alveolar bone during pregnancy in women (Hall, 2005) . This can be considered a side effect of the exceptionally high metabolism of alveolar bone resulting in an alternative utilization of its Ca content that is analogous with the primary role of MB. The alternative utilization of alveolar bone in the time of need draws attention to the potential polyvalence and convergent histological appearance of skeletal tissues with different primary functions but similar physiological attributes.
Adjusting growth curve reconstructions
Recorded data, general bone growth inhibitory effects of oestrogen and life-history allocation models concordantly pronounce that RM coincides with a clear-cut decrease in growth rate (Stearns & Koella, 1986; Stearns, 1989; Mangel & Stamps, 2001; Zera & Harshman, 2001; Roff, 2002; Pandav et al., 2010) , and this could not have been different in nonavian dinosaurs, either. Extensive growth record exists of wild populations of extant medium-to large-bodied reptiles and mammals that continue accumulating considerable mass after reaching RM (Zullinger et al., 1984; Kingsley et al., 1988; Andersen et al., 1999; Winship et al., 2001; Derocher & Wiig, 2002; Bjorndal et al., 2013; Mumby et al., 2015) . Based on these data, growth rate in body mass decreases down to 25-60% of the species-specific maximum growth rate after reaching RM and/or first reproduction. Accordingly, RM on any mass-based growth curve is expected to be marked by at least 30% growth rate decrease as compared to the highest reconstructed rate at IF.
In logistic growth curves, 30% growth rate decrease appears around the beginning of the asymptotic phase (Fig. 3, red arrow) , as also presented by Myhrvold (2013) . Thus, if MB indeed defines Tenontosaurus OMNH 34784, Allosaurus UUVP 5300 and Tyrannosaurus MOR 1125 as reproductively active females (Lee & Werning, 2008) , their inconsistently low position on the growth curves (Fig. 3) may originate from inadequacies in the data set and/or applied method. Lee & Werning (2008) reconstructed species-specific growth curves based on multiple specimens of variable sizes and inferred ages. In Tenontosaurus and Tyrannosaurus, each data point represents the age and mass estimation of a single specimen at the time of its death. In Allosaurus, however, each specimen was represented by multiple mass~age data points estimated along the individual's life by counting LAGs and estimating associated mass increase per year. The reason for this data combination of individual growth trajectories of multiple specimens for reconstructing a single species-specific growth curve in Allosaurus but not in Tentontosaurus and Tyrannosaurus was not made clear in the original paper. Furthermore, reconstructing a single species-specific growth curve based on a relatively small data set that combines dependent (within-individual) and independent (across individuals) data points represents a statistical problem that has not been addressed by Lee & Werning (2008) .
Besides the statistical drawbacks of correlated data points, reconstructing and analysing individual growth
trajectories of multiple specimens instead of a single species-specific growth curve are preferred here for the following reasons.
Considering an assemblage of differently sized specimens as an ontogenetic series in fossils always involves uncertainty regarding (i) the completeness of the species-specific size and age spectrum (Myhrvold, 2013) ; (ii) the monospecific nature of the assemblage; and (iii) the sympatric origin of the specimens used for the analysis. The incompleteness of ontogenetic stages has been demonstrated to result in misleading growth curve reconstructions (Myhrvold, 2013) . Drawbacks of questionable taxonomic identity of fossil specimens in the inferred growth series are clear-cut (e.g. Scannella & Horner, 2010 vs. Longrich & Field, 2012 . As substantial intraspecific life-history variation exists among populations of extant animals living in disparate environments (Dunham, 1982; Reznick et al., 2002; Ricklefs & Wickelski, 2002; Oromi et al., 2014) , uncertain sympatry in fossils may also render multiple specimen-based growth curves unreliable.
Finally, growing evidence suggests that dinosaurs showed considerable plasticity in growth strategies resulting in high intraspecific variability in growth rates and adult body sizes (Horner & Padian, 2004; Sander & Klein, 2005; } Osi et al., 2012; Cerda & Chinsamy, 2013; Lee & O'Connor, 2013; Hobe, 2014; Prondvai, 2014) . Thus, even if MB indicates RM, the position of a single dinosaur specimen with MB on a multiple specimenbased growth curve may not represent the species-specific point of RM, a point that is indefinable if the range of possible growth strategies among individuals is very broad (Sainsbury, 1980) . Such pronounced individual differences in growth rates and the resulting variability in age and size at RM and asymptotic body size have been documented and modelled for several extant vertebrates (Andrews, 1982; Sebens, 1987; Bernardo, 1993; Mangel & Stamps, 2001; Pandav et al., 2010; Oromi et al., 2014) .
Reconstructing individual growth trajectories by skeletochronology, as already done in a few studies (Horner & Padian, 2004; Cooper et al., 2008; Griebeler et al., 2013; Lee & O'Connor, 2013; Woodward et al., 2014; Jordana et al., 2016) , is void of most of these problems and reflects a more realistic, biologically interpretable species-specific variability in growth strategies. For instance, based on extant animals with high intraspecific growth diversity (Andrews, 1982; Sebens, 1987; Shine & Charnov, 1992; Mangel & Stamps, 2001; Pandav et al., 2010; Moya-Laraño, 2011; Oromi et al., 2014) , the individual growth curve of Allosaurus UUVP 5300 with MB is expected to reveal overall lower growth rates and smaller final body size than reconstructed for its species (Lee & Werning, 2008) if it attained RM at its small estimated size.
To demonstrate this, I used the Allosaurus mass~age data set acquired by Lee & Werning (2008) to qualitatively visualize and quantitatively model individual growth trajectories (Fig. 4, Table 1 ). Raw time series represents each of the 16 Allosaurus specimens which had four or more data points (Fig. 4a) . For quantitative modelling, a simple individual-based logistic growth curve fitting was performed (function 'nls' in R free statistical software) on those 11 specimens that had at least five data points. As data point distribution in four specimens, including the crucial UUVP 5300, did not allow logistic curve fitting (Fig. 4b,  Table 1 ), an arbitrary AM value was estimated at an advanced age (15-20 years) which made curve fitting possible. As UUVP 5300 was suggested to have been sexually mature at the time of its death (Lee & Werning, 2008 ) with a comparatively small body size for an Allosaurus (382 kg), two estimates were made for its AM. First, AM was defined as double of its estimated body mass at death (764 kg) to reflect the suggested importance of IF on the logistic growth curve as representing RM. In the second model, AM was defined as three times its mass at death (1146 kg) to represent the suggestion that RM in Allosaurus can happen at 1/3 AM (Lee & Werning, 2008) .
Maximum growth rates were determined as the first derivatives of the reconstructed individual growth curves at IF. The point where growth rate decreases down to 70% of the maximum was defined as the earliest onset of reproduction/RM. Derivatives of logistic growth curves were calculated using functions 'grad' and 'BBsolve' in R packages 'numDeriv' and 'BB', respectively (Varadhan & Gilbert, 2009; Gilbert & Varadhan, 2015) . Table 1 lists the analysed specimens and shows the most important output values on individual growth rates, body masses and ages. For further details on the data (Table S1 ) and R script, see Supporting Information.
Provided all these specimens represent the same species, the widely different growth trajectories (Fig. 4) with varying maximum growth rates, IFs and AMs (Table 1) show that Allosaurus exhibits a great intraspecific variability in growth strategies. For example, individual growth curve reconstructed for UUVP 30737 (Fig. 4b , light brown curve) represents a specimen with comparatively slow growth (maximum growth rate~17 kg year À1 ) and small body size at RM (181 kg) for an Allosaurus (Table 1) . By contrast, growth curve of another Allosaurus specimen, UUVP 3607 (Fig. 4b , black curve), implies a much faster individual life history characterized by rapid growth (max 162 kg year
À1
) up to a very large body size (~1397 kg) where RM most likely occurred at~19 year (Table 1) . Thereafter slowdown of growth up to AM (1800 kg) is more salient on the course of its growth curve than in the overall slower growing UUVP 30737 (Fig. 4) .
As for UUVP 5300 (Fig. 4b , light blue dashed-dotted curve), individual growth curve with the estimated AM of 764 kg predicts a considerably lower maximum Fitted logistic growth curves of those seven specimens for which the number and distribution of data points were adequate for fitting (solid lines) and of those four which needed an additional arbitrary data point at the asymptotic phase (empty circle) to make fitting possible (dashed-dotted lines). Growth rate changes in each specimen along its growth trajectory are demonstrated by the derivative curves (dashed lines) which are based on 500 points fitted on the growth curves. Colour coding of specimens corresponds with that in (a). Both the raw visualization of data points (a) and the reconstructed growth curves (b) concordantly imply a wide range of growth strategies for Allosaurus. This predicted range is demonstrated by the grey field in (a) delimited by hypothetical growth trajectories with maximum (GR max ) and minimum (GR min ) growth rates and asymptotic body sizes (AM max , AM min ) expected to occur in this species. Minimum age and size at sexual maturation (colour-coded line sections on both axes) can be read-off from these individual curves (indicated with 9 on the curve) based on the trade-off between growth and reproduction as the point where growth rate decreases to 70% of the maximum (see Table 1 ). Note that two alternative asymptotic estimation resulting in two growth curves (light blue curves with and without *) were performed for UUVP 5300, the crucial specimen possessing MB-like tissue. For further interpretation of this analysis, see text. Data set was taken from Lee & Werning (2008) . Only specimens with four or more data points were used in this case study. SSF-RM: species-specific field of reproductive maturity. growth rate than indicated by the species-specific growth curve (Lee & Werning, 2008) . Applying the 30% growth rate decrease approach based on the trade-off between growth and reproduction, age and mass at the onset of reproduction (12.9 year; 616 kg; Fig. 4b , Table 1 ) is predicted considerably above the age and mass of the specimen at the time of its death (10 year; 382 kg). When estimated AM is set at 1400 kg, the steepness of the growth curve is closer to that of Lee & Werning (2008) , but the predicted RM is at an even older age (15 year) and larger body size (993 kg) (Fig. 4b light blue dashed-dotted curve with asterisk). However, as discussed above, MB-like tissue in UUVP 5300 was likely pathologic rather than true reproductive MB (Chinsamy & Tumarkin-Deratzian, 2009; Chinsamy et al., 2016) questioning the assumed sexual maturity of this specimen.
These individual models show biologically realistic growth strategies and can demonstrate how different growth trajectories are coupled with different life-history parameters. For instance, if less energy is invested into juvenile growth, the energy allocation into reproduction may not have such profound effect on the growth trajectory, as shown by the gradual, prolonged flattening in the saturation phase of the curve UUVP 30737 (Fig. 4b) . Due to slow growth, RM occurs at a much smaller body size and may take even longer than for a fast-growing specimen (e.g. UUVP 40227 vs. UUVP 3607, see Table 1 ). By contrast, high, steeply inclining growth rate is coupled with larger body size at RM, proportionally shorter saturation phase on the growth curve, greater AM and most probably shorter life span. Such positive correlation between size at RM and AM is predicted if, for example, the cost of reproduction is inversely related to body size (Stamps et al. 1998) . As in extant animals (e.g. Congdon & van Loben Sels, 1993; Frazer et al., 1993; Pandav et al., 2010; Bjorndal et al., 2013) , the great variation in Allosaurus AM seems to result from cumulative effects of considerable individual differences in juvenile growth rates and age at RM, and not simply from extending or shortening the growth period at a constant growth rate.
The implied diversity in growth strategies defines a species-specific field of RM (Fig. 4b , SSF-RM), an area of the two-dimensional mass~age growth space within which most Allosaurus individuals might be expected to reach RM. However, even though the estimates on the percentage of AM reached at RM (~77% , Table 1 ) are in line with the predictions of theoretical models of similar growth strategies (Stearns & Koella, 1986; Bernardo, 1993) , several extant amniotes mature at lower percentage of AM (e.g. Winship et al., 2001; Ritz et al., 2010; Mumby et al., 2015) . This may refer to genuine differences in life histories or to the inadequacy of the logistic growth model to capture the real nature of some growth trajectories (e.g. Myhrvold, 2013) . The need for separate pre-and post-maturity growth equations to appropriately describe the effect of RM on growth trajectories has already been pointed out (Day & Taylor, 1997) . Finally, depending on the course of growth curves, IF may not have a profound biological meaning. Whichever growth model is applied to dinosaurs, its interpretation must be in line with biological allocation models and the endocrinological regulation of skeletal tissues.
This case study of Allosaurus demonstrates the need for reconstructing individual growth trajectories when investigating potential correlation, or alternatively Note that four specimens had inadequate data point distribution for fitting and thus needed the addition of an arbitrary point in the asymptotic phase. UUVP 5300 with the presumed MB (*) was modelled with two alternative asymptotic phase estimations (see main text). Reproductive maturity is interpreted here as the point of the trajectory where growth rate decreases to 70% of the maximum reconstructed growth rate (GR max ). AInf, Age at inflexion point; AM, asymptotic body mass; RM, reproductive maturity; RMA, age at reproductive maturity; RMM, mass at reproductive maturity.
noncorrelation, between the presence of MB and RM in fossil vertebrates. In this context, exploring a possible bimodal pattern referring to sexual dimorphism in the intraspecific variety of growth strategies would also be crucial. Individual variation in growth rates can also reflect ecological and demographical aspects of a species. For instance, the persistence of high intraspecific growth rate diversity among sympatrically living animals in stable environments suggests individually adjusted trade-offs between growth and mortality (Mangel, 1991; Mangel & Stamps, 2001; Cox et al., 2010; MoyaLaraño, 2011) . Variable growth strategies and onset of reproduction as a form of adaptive plasticity may also be a response to a temporally and spatially varying, unpredictable environment (Giesel, 1976; Denver et al., 1998; Shine & Brown, 2008) . Moreover, models that investigate the effects of high intraspecific growth rate variation resulting in a wide range of body sizes within the population predict increasing probability of cannibalism (Moya-Laraño, 2011). Thus, exploring the degree of plasticity in growth strategies of different dinosaurs by reconstructing individual growth trajectories of multiple specimens can give exciting new palaeoecological insights. Although some basic assumptions of skeletochronology as a method have been criticized (Horner et al., 1999 (Horner et al., , 2000 , with appropriate correction for biases (intraskeletal variability in growth mark counts; multiple, closely spaced lines of arrested growth (LAG) within a year; no LAG deposition throughout multiple years, etc.), it is still the most powerful method for individual life-history reconstructions in extinct vertebrates.
Conclusions and perspectives
1 Based on life-history trade-offs, effects of oestrogen on bone growth and functional considerations, nonpathologic MB-like tissues in fossils found in juvenile specimens or in species that laid soft-shelled eggs challenge the general inference that these tissues were strictly associated with egg shelling as avian MB. Thus, MB-like tissues in extinct nonavian archosauromorphs may not indicate RM or gender. Finding further fast-growing juveniles or presumably male fossil specimens with MB-like tissues would strengthen the need for considering alternative functions or rather polyvalence of MB and MB-like tissues in extinct vertebrates. If the strict egg-shelling function defines MB, this term can only be applied to birds, and all other functionally equivocal but histologically alike tissues in nonavian fossil archosauromorphs should be referred to as MB-like tissues. 2 Albeit avian MB is probably an evolutionary adaptive feature, its counterintuitive response to Ca deficiency and its persistence in secondary flightless birds imply considerable phylogenetic constraints. These, along with the extensive cortical resorption for egg shelling, question the widely accepted view on its functional significance in protecting cortical mechanical integrity of flight-adapted thin-walled bones during egg laying. Whether the strict gonadal hormone control of avian MB is responsible for its apparent shortand long-term inflexibility needs preliminary testing. 3 This synthesis implies that functional polyvalence of MB-like tissues is ancestral in archosauromorphs. As so far only dinosaurs and pterosaurs were found to develop such tissues, bone histologists working on other clades are encouraged to consciously look for MB-like tissues. Whether functional and timely restriction of MB to reproduction in the avian lineage is related to mechanical constraints of powered flight, such as minimizing the period of flying with a heavy-weight skeleton filled with MB, is still to be studied. Extending the database on total skeletal weight changes within and outside the egg-laying interval in wild birds and comparing retention times of MB among poor and strong flyers (e.g. ground birds vs. habitual flyers) and flightless birds are possible ways to test this hypothesis. 4 With further fossil finds, the evolutionary origin of functional restriction of MB as seen in birds could be sought in clades where specimens with MB consistently show notable growth rate decrease in their bone tissue indicating RM. This may also correlate with the point of attaining flight abilities and relatively thin bone cortices that thicken only temporarily for eggshell formation. 5 Single species-specific growth curves based on multiple specimens of nonavian dinosaurs and their biological interpretation presented in previous studies need careful revision. Due to the generally low sample sizes and high individual growth variation suggested by current data, 'average' growth curves obscure important details and can be misleading regarding RM and attainable AM. By contrast, reconstructing individual growth trajectories is more appropriate and crucial to elucidate the evolutionary aspects of MB, and to demonstrate the degree and palaeobiological meaning of intraspecific variability (including potential sexual dimorphism) in growth strategies. 6 These functional and evolutionary considerations of avian MB and MB-like tissues in fossils call for further research in this direction. Some unknown or poorly understood aspects of avian MB, such as its temporal and spatial distribution in the skeleton, its relative amount in different skeletal elements and its histovariability, must be explored in multiple, taxonomically diverse, nondomesticated birds to draw firm conclusions on extinct taxa. Comparing absorption and transport rates of Ca directly from the intestines vs. from MB to the eggshell gland may answer how bird species apparently lacking MB cope with the high 
